ADVANCED BIOMASS REBURNING

Vladimir M. Zamansky (vzamansky@eercorp.com; (949) 859-8851)
Peter M. Maly (pmaly@eercorp.com; (949) 859-8851)
Vitali V. Lissianski (vlissianski@eercorp.com; (949) 859-8851)
Energy and Environmental Research Corporation
18 Mason, Irvine, CA 92618

Mark C. Freeman (mfreeman@fetc.doe.gov; (412) 892-6294)
Federal Energy Technology Center
Pittsburgh, PA 15236

ABSTRACT

While biomass cofiring hadeen successfully demonstrated in several coal-fitditly
boilers, avalue-added option is tatilize biomass abovéhe mainburner as a reburning

fuel. Biomass which may include wastewood, straw, agricultural waste, etc. is inexpensive
and have a potential for lower cost N@duction with comparable performancethat of

gas andcoal reburning. This newconceptpresents a mearn®r utilizing both energy
content of biomass and itschemical constituents (nitrogen- and alkali-containing
compounds) whicltan promote thehemicalreactions of NO removal from combustion

flue gas. The United States Departments of Energy and Agriculture are currently funding an
R&D program with overall objective to move the biomass reburning technology to the full-
scale demonstratiofevel. This paper presents results of combustion experiments and
modeling studies durinthe second year athe R&D program. Fuels unddnvestigation
include naturalgas, furniture waste, willow woodand walnutshells. Performances of

different biomass fuels have been examined 3@ kW (1x10° Btu/hr) Boiler Simulator

Facility at different experimentalonditions. Tests showetatbiomass is as aaffective
reburning fuel as natural gas.



INTRODUCTION

An environmental problem faced by the power generation industry involves controlling flue
gas emissions frorooal firedboilers. Reburning is eommercialtwo-stage fuelnjection
technology which is currently most promisifgy low-cost NQ control. In thisfiring
method, the main fuel is coal or oil (80-90% of the total) and the remaininrdbelrning

fuel) might be naturafjas orother combustibles. Basiaturalgas reburningan achieve
60-65% NQ control.

While biomass cofiring hadeen successfully demonstrated in several coal-fitditly
boilers, avalue-added option is tatilize biomass abovéhe mainburner as a reburning

fuel. Biomass which may include wastewood, straw, agricultural waste, etc. is inexpensive
and have a potential for lower cost N@duction with comparable performancethat of

gas and coal reburning.

EER currently isvorking ondevelopment andommercialization of @ew technology of
advanced reburning (Zamansky at, 1996 and 1997). Advancedreburning is being
developedor naturalgas and is @aombination of basic reburning and N-agent/promoter
injection. Thepromotersare alkaliadditives that enhance N@eduction. Utilization of
biomass in advanced reburning has potential to achieve about 90%oh! in coal fired
boilers and promisesertain advantagesver otherfuels. This new conceptpresents a
means for utilizing both energy content of biomass andhisnicalconstituents (nitrogen-
and alkali-containingcompounds) whichcan promote thechemical reactions of NO
removal from combustion flue gas.

The United States Departments of Energy and Agriculture are curfentding an R&D
program withthe overall objective to move theomass reburning technology tioe full-
scale demonstratiolevel. Specific objectives dhe program includel) optimization of
biomass reburning ipilot-scale tests(2) development of engineering modeling tools for
commercial applications dfiomass reburning; (3valuation of potential boilempacts,
such as slugging and fouling; and @aluation ofbiomass fuel processing/handling
economics as part of an overall economics and performance anfdysisiomass
reburning.

Total R&D program includes botBOE FETC and Phase BBIR USDA projects. Both
projects are conducted in close coordinatiath eachother. The DOE FETC project is
performed jointly by EEReam, FETCR&D personnel, Antaresand Niagara Mohawk
Power CorporatiofNMPC). The projectinvolves modelingactivities (chemicakinetic,
computational fluiddynamics, and physical modelinggconomic studies of biomass
handling, and experimental evaluation of slagging fanting. The USDAPhase 1l SBIR
projects includes pilot-scale process optimization and design activities.

If the results are successful, NMPC plans to demonstrate the biomass reburning technology
at full scale. Some ofhe testeduels will be utilized in large-scale EBiomassPower
sponsored Biomass Power Heural Economic Development projects (Niagstahawk-

Salix and Chairton Valley).

This paper presents results of modeling studiespdatiscale combustion experiments on
performance of furniturevaste, willowwood, and walnut shells as reburning fuels in
comparison with natural gas.



EXPERIMENTAL SETUP

The pilot scaldests were conducted BER's 300 kW (%10° Btu/hr) Boiler Simulator
Facility (BSF) described earlief(Ho et al., 1993).The BSF isdesigned to provide an
accuratesubscale simulation dhe fluegastemperatures and composititbund in afull
scaleboiler. It consists of a burnevertically down—firedradiantfurnace, anchorizontal
convectivepass. Avariable swirl diffusion burner with araxial fuel injector isused to
simulate the approximate temperature and gas composition of a comrberoit in afull
scaleboiler. Primaryair is injectedaxially, while the secondaryair stream is injected
radially throughthe swirl vanes to provideontrolled fuel/airmixing. Numerous ports
located along theaxis of the facility allow supplementary equipmerguch as reburn
injectors, additive injectors, overfiir injectors, and sampling probes to filaced in the
furnace.

The cylindrical furnace section is constructed of eight modular refractory—lined sections
with an inside diameter of 0.56 m (22 in). The convective pass is also refriamsaryand

contains air cooled tube bundlessimulate the superheater and rehesdetions of dull

scale utility boiler. Heat extraction in the radiant furnace and convees® iscontrolled

such that the residence time-temperature profile matched that of a typical fubatzieA

suction pyrometer is used to measure furnace temperatures. The temperature gradient in the
range 1200-1700 K (1650-260B) is about —300 K/s (—-54@/s).

A series ofpilot scaletests wasconducted in theBSF to characterizebiomass reburn
performance as a function of kpyocess variabled he reburn fuels of primarynterest

were a pelletized furniture waste and willow wood. For comparison, several tests were also
conducted with natural gas and walnut shells. Natural gas and lllino®laaccoalswere

used as primary fuels.

All solid fuels were pulverized for the tests. The coals were pulverizedawamill such

that 70% passed through a 200 mesh siéM& furniturewaste and walnut shells were
pulverized in a hammer mill. Size distributiaras varied by installing different screens in

the hammer mill and by running samples throtlgh mill multipletimes. Forthe furniture

waste four grinds wertested:9%, 21%, 27%and 48% through 20fhesh.The 48% <

200 mesh grind was used for most of the tests. The walnut shells were more brittle than the
furniture waste pellets and provided a finer size distributt@n.the walnutshells a single

grind of 55% < 200 mesh was tested.

It was found that the willow wood was fibroaad considerably more difficult forocess
than other biomassamples. It waseceived as branches up@® m (2ft) long. It was
pre-processed by running through an industruabd chipper and then pulverized in a
hammermill. The willow wood wasdifficult to convey through the hammer mill and
provided larger size particles than those obtained with diflenass samples. For
example, passinghe willow wood throughthe hammer millwith a 0.015 m(1/16 in)
screen gave a size fraction of 23% less thanni@@éh, whereas undére same conditions
the furniturewaste sizevas 40% lesshan 200 mesh.The baseline size fracticior the
willow wood reburn tests was 23% less than 200 mesh.

EXPERIMENTAL RESULTS ON BIOMASS REBURNING

Figure 1 shows reburmperformancedor willow wood, furniture waste,walnut shells and
natural gas as a function of reburn heat input for Illinois coal as primary fuel.



NO reduction provided by the furniture waste was better than natural gas at 10% reburning.
For furniture waste reburning, maximum NO reduction 88%, achieved all5% reburn
heat input. The walnut shells provided amaximum of 65% NO reduction at 20%
reburning. Willow wood reburninggave a maximum 0651% NO reduction at 20%
reburning.Walnut shellreburn performancwas slightly better tharthat of naturagas at
lower reburnheat inputs, and worse than naturalgas at higher reburieat inputs.
Performance of willowwood was worsehan naturalgas atall reburn heat inputs.
Difference in the performance @iomass fuelsare due to their different compositions:
walnut shells have high volatilelw nitrogen, and very high potassium content. The
willow wood has highvolatiles andlow ash. The ash fromthe willow wood has low
sodium and notably high,®..

EER's previous reburn test work has shown thahthim fuel type can have an impact on
reburn performance. It ivelieved that main fuel parameters of importance include
concentrations o$odium, potassium, chlorinandsulfur. Figure 2compares results for
furniture waste and willowwood reburningobtained with lllinoiscoal, Ohio coal, and
natural gas as main fuels. NO reductions were very simildhédwo main coalsfor both
biomass fuels, with natural gas slightly better than both coals.

The degree tavhich biomass is pulverized involves trade-offs between improved reburn
performance and increased fuel processing cost. To provide data to assist with making such
value judgments, reburn tests were performed at different particle size distribution.
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Figure 1. Reburning Performance of Different Fuels. Main Fuel: Illinois GRaburning

Fuel Is Injected at 1700 K (2606), [NOJ, = 416 ppm. OFA Is Injected at 1450 K (2109).

Furniture Waste Size: 48% < 2M0@esh, Walnut Shells Size: 55% 200 Mesh, Willow Wood

Size 23% < 200 Mesh.

Four furniture waste grinds were tested: 9%, 21%, 2a8d, 48% through 20fhesh. As
shown in Figure 3performance improved with decreasing biomgessicle size. At 10%
reburning, NOreduction increased frod2% at 9% < 200 mesh to 67% at 48% < 200
mesh. The finer grinds alsxhibited some advantages with respect to cabbwnout, as
discussed later. However as shown in Figure 3, with willow wood rebupairtigle size
had minimal effect onreburn performance. At 15% and 20% reburning NQuction
decreased slightly with decreasipgrticlesize, whereas at 10% reburning Néduction
stayed the same. It is possible that due to the extremely high volatiles contentvidiothie
wood (82.29%, dry basis), the fuel is so highly reactive that finer grinding provides limited
benefits.Since finer grindingcorresponds taignificantly greatemprocessing cost, it is
advantageous for willow wood to provide high performance with large particles.
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Figure 2. Comparison of Furniture Waste and Willow Wood Reburning with Different Primary
Fuels.

Initial NO concentration (NQ wasvaried from400 to 900 ppm with furniture waste and
from 400 to 800 ppm with willow wood as reburn fuels and llliramal as the maifuel.
For the most part furniture waste performance was fairly flat atdd@eased frorA00 to
600 ppm,and then began tall off as NQ further decreased 00 ppm.The furniture
waste performed better than natugak at 10% reburninglthough naturajas wasbetter
at 15% reburning. For willow wood NO reduction increased by 10 tpet@ntage points
as NQ increased from400 to 800 ppm.Willow wood reburn performance was
significantly worse than natural gas reburn performance.

Reburn performancgenerally improves with decreasing overfis@ (OFA) injection
temperature, i.e. with increasing reburn zone residence @& temperaturavas varied
from 1530 K (2245F) to 1370 K (1960F). It was observed that Nf@duction decreased
with increasing OFA temperature.
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Figure 3. FurnituréeNasteand Willow Wood ReburnPerformance as a Function of Particle
Size.

Fly ash carborcontent is important both frorthe standpoint of recovering fuel energy
content and finding a markébr the fly ash. Test conditions in flyash testsancluded
baseline coaliring, naturalgas reburningfurniture waste reburning #tree particle size



distributions, and walnut shellgburning. Forall tests lllinoiscoal was the mainfuel.
Results are summarized in Table I.

Carbon in ash waslightly higher for biomass reburnirthan for baseline coafiring.
However, carbon in ash decreased with finer relfwehsizedistributions. Carbon in ash
for biomass reburning wadlightly better tharthat for naturalgas reburningand in all
cases carbon concentrations were well below 1%.

Table I. Carbon in Ash Tests.

Reburn fuel %<200 mesh Reburn Heat Input (%) C in Ash|(%)
None (baseline) - None 0.07
Natural gas - 20 0.61
Furniture waste 48 20 0.19
Furniture waste 27 20 0.25
Furniture waste 21 20 0.31
Walnut shells 55 20 0.20

KINETIC MODELING OF THE REBURNING PROCESS

The objective of kinetic modeling is to create a mdadel predicting the NQ control
performance via reburning. The model currently includes homogeneous reactions only.

Since the experimental performance of biomass as a reburning fuel is compared with that of
natural gas, the kinetic modelwas first applied to naturafgas reburningModeling of
specific biomass fuels is currently in progress.

Modeling was done with a kinetic mechanism that combined reactions relevant to reburning
from GRI-Mech2.11 (Bowman efal., 1997)with SNCR reactions fromMiller and
Glarborg (1996). The total mechanism included 418 reactions of 64 chemical species.

The EER chemical kinetic codeDF, for “One Dimensional Flame(Kau and Tyson,
1987) was employedDDF treats a system as a series of dlowv reactors.Each reactor
described one of the physical actiemicalprocesses occurring inkeiler: addition of the
reburning fuel, NQreduction as a result of the reaction with the reburning fuel, addition of
OFA, and oxidation of products.

The mixture entering thirst reactorcorresponded to products wlethanecombustion in
air with stechiometric ratio SR= 1.1. Thereburning fuel (naturajas) wasadded to the
main stream of reactants in tfiest reactor.The amount of theeburning fuel varied to
provide a stoichiometric ratio SRt the beginning of the first reactor from 0.84 to 0.99.
The secondreactor described therocess of NOremoval in thereburning zone after the
reburning fuel and flugas are mixed. The third reactor described tipeocess of OFA
mixing with flue gas. The amount ofOFA added variedsuch that the total mixture
composition (including previously added fuel) the beginning of the third reactor
corresponded to SR= 1.15. The fourth reactor described oxidation giroducts of
incomplete combustion.

Physically, the process in the first reactor can be described as mixihgreburningfuel
with the main stream of gases. Proper modeling of mixing requires a combination of kinetic
and gasdynamiequations, deasible but not simple undertakirigr a detailed chemical



mechanism. As a first approximatiatiie gasdynamic mixingrocess wasimulated by
assuming that mixing just retarttge rate atvhich the additive is delivered to ttsystem,

so that thanitial concentration of the additive in each experimanteased within mixing

time from zero to its final value (distributed reagent injection). Calculations were done for
mixing times changing from 0 ms (instantaneous mixing) torhSOEstimation of mixing

time madeusing adroplet evaporation modébr typical BSF conditions gave a value of
about 100 ms. Mixing was modeled in a one dimensional approximation, méaatirane

or more reagents were addedhe main streamover period of time, and aach moment
mixing was assumed to be instantaneous. Temperatures of the main gas striegentedd
substances were assumed to be the same.

Calculationsshowedthat the mixingprocess inthe reburning zone significantly affects
modeling predictions at all SRvhile mixing in the OFA zone has noticeable effect on NO
removal only at SR> 0.95. Figure 4 shows the influence of mixiinge in both zones on

NO removal. Introduction ofmixing in calculations significantly improveprocess
performance. The significant effect of mixing in the reburning zone can be explained taking
into account the fact that the value of mixing time is longer than the characteristic time of the
chemicalreaction. Sincehe temperature in th®FA zone is lower anthe corresponding

time of the chemical reaction is longer, mixing in MEA zonehas only aminor effect on

NO removal.
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Figure 4. Predicted Effect of Mixing Time in Reburning a@8A Zones on NO Removal.
Reburning Fuel Is Injected at 1700 K (26®), OFA at 1422 K (205¢F). SR = 0.99,[NO];

= 600 ppm.

Figure 5 showscomparison of experimentaksults on basic reburning witimodeling
predictions. The model gives a close description of the experiments on basic reburning. For
SR, slightly lessthan unity the modedives steeper thagxperimental dependence of NO
removal efficiency on the amount of theburning fuel added. Forrich mixture
compositions (SR < 0.86) the model underpredicts NO removafficiency. These
deviations can be explained by simplification of the mixing process in the current model.

In agreementvith experimentaldata, modeling shows that injection of OFA atower
temperatures is moravorable. However, at loweemperatures the efficiency of CO
conversion to CQis reducedModeling alsoshowsthat the efficiency of NO removal
decreases as initial NO concentration decreases.
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Figure 5. Comparison of ExperimentdResults on BasicReburning with Modeling
Predictions. Reburning Fuel is Added at 1700 K (2550 OFA at1422 K (2050°F). [NO];
= 600 ppm.

The kinetic mechanism develop#at naturalgas reburningvill be used formodeling of
biomass reburning. Since the kinetic mechanism extends to @rapdCC hydrocarbons,
the biomass fuel will be represented by nasixture of decompositiorproducts, thus
assuming rapid breakdown of the reburning fiiéle fueloxygen is assumed to form CO
in the substoichiometrienvironment.The remaininghydrocarbon component will be
represented by a mixture of @nd C hydrocarbonsThe composition of decomposition
products will corresponding to the biomass ultimate analysis.

CONCLUSIONS

1. Furniture waste and walnut shells provided similar, K&htrol as that of naturgas in
basic reburning abbw heatinputs and performeevorse at highones. Performance of
willow wood was worse than that of natural gas at all heat inputs.

2. Optimum heat input for furniture waste is about 15%, andtfwer biomass fuels about
20%.

3. With furniture waste, NOreduction increases with decreasing biompagicle size.
With willow wood, NO reduction decreases slightly with decreasing particle size.

4. The kinetic model of basireburningqualitatively agreesvith experimental datéor a
wide range of initial conditions and thus correctly represents main featuresrebtineing
process.

FUTURE ACTIVITIES

As discussed imtroductionsection, this program is being conducted within jéihase Il
USDA SBIR and DOE FETC projects. Future work otne Phase 11 SBIRproject will
include pilot scale combustion experiments on optimizatiopreéess parameters, agll
as EPRI TAG economic analysis and engineesinglies. Future work otine DOE FETC
project will included experimentanalysis of slagging and fouling in biomasburning,
as well as reburnings. cofiring evaluation. Modelingctivities will be continued and
include kinetic modeling ofbiomass reburningCFD modeling ofreactive flows in
combustion system, and subscale isothermal flow modeling of the boiler.



Total program is being conducted over a two-year period and will be concludectdier
1, 1999.
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